ABSTRACT Unique-sequence synthetic DNA probes, based on the known amino acid sequence of bovine pancreatic trypsin inhibitor, were constructed from oligodeoxynucleotides. In genomic Southern blot experiments, these probes were shown to hybridize specifically to discrete restriction fragments. A synthetic probe also was used to isolate a cloned BPTI gene from a bovine genomic library. DNA sequence analysis of this clone indicated that the BPTI coding region was neither preceded by a start codon nor immediately followed by a termination codon. This suggests that the mature form of BPTI may be produced through proteolytic processing from a larger polypeptide precursor.
Bovine pancreatic trypsin inhibitor (BPTI) is a small 58-aminoacid basic protein found in a variety of bovine tissues, including lung, parotid gland, spleen, liver, and pancreas (1, 2) . Although its exact physiological role and site of synthesis are unclear, its interactions with trypsin and other serine proteases such as kallikrein, chymotrypsin, and plasmin have been well characterized (1, 2) . The refolding pathway, involving disulfide bond rearrangements, is better understood for BPTI than for any other protein (3) . Moreover, because of its small size, high solubility, and stability, BPTI has been an object of intense physical and theoretical study as a model globular polypeptide (4) (5) (6) .
The availability of a cloned gene for BPTI would enable us to learn more about the properties of the protein in vivo, including the site and mode of its synthesis, and its evolutionary relationship to other homologous proteins. Moreover, by coupling the BPTI gene to a suitable expression system, it would be possible to engineer BPTI variants genetically and, thus, to test the structure-function relationships of an extremely wellstudied polypeptide. For these reasons we undertook the isolation of the gene for BPTI.
Our initial approach was to isolate mRNA with the intention of synthesizing a cDNA copy. However, we were unable to demonstrate the presence of BPTI in in vitro translations of mRNA prepared from bovine parotid gland or lung despite the fact that these tissues are good sources of the native protein.
In view of the uncertainty regarding its site of synthesis and the abundance of its mRNA, we decided to adopt an approach using synthetic probes to isolate a genomic clone.
Unique-sequence synthetic oligodeoxynucleotide probes have been used previously to isolate genomic clones for protein genes from lower eukaryotes (7, 8) . However, in these cases prior data from frameshift mutants allowed the exact sequences of the genes to be inferred. More generally, mixed-sequence oligodeoxynucleotide probes have been used to isolate protein genes of unknown sequence from cDNA libraries (9) . Such probes are typically mixtures of 8-32 oligonucleotides, 14-17 nucleotides in length, representing every possible codon combination for a small stretch (5-6 residues) of amino acid sequence. Under stringent hybridization conditions that discriminate against incorrectly base-paired probes, these mixtures are capable of locating specific gene sequences in clone libraries of low-to-moderate complexity (9) (10) (11) (12) . Nevertheless, because of their short length and heterogeneity, mixed probes often lack the specificity required for probing sequences as complex as a mammalian genome. This makes such a method impractical for the isolation of mammalian protein genes when the corresponding mRNAs are unavailable.
We describe here a novel method of gene isolation that uses unique-sequence synthetic gene fragments as specific probes. We have used this method to isolate a gene for BPTI from a bovine genomic library. A similar approach also has been used recently by Jaye et al. (13) Oligonucleotide Synthesis. DNA oligonucleotides were synthesized by using the phosphotriester method with monomer addition on a solid-phase support (14, 15) . Oligonucleotides were purified by HPLC or by polyacrylamide gel electrophoresis in 7 M urea. The oligonucleotides synthesized and their sequences were as follows:
Probes were assembled by annealing together the oligonucleotides to form a duplex structure, then joining these in a ligation reaction (16 Blot Hybridizations. Bovine DNA was digested with restriction enzymes, subjected to agarose gel electrophoresis, and blotted onto nitrocellulose filters by a modification of the method of Southern (21, 22 (26) . Duplicate nitrocellulose filters were lifted from each dish, and these were hybridized to the probe exactly as described above for the blot hybridization.
DNA Sequence Determination. After plaque purification of the positive clones, phage stocks were prepared, and the DNA from one of these was subjected to sequence analysis. Fifteen micrograms of DNA from the recombinant phage was fragmented with DNase I in the presence of Mn2" (27) (30, 31) . The sequences of positively hybridizing subelones were determined by the dideoxynucleotide chain termination method (19) . RESULTS Probe Design. Synthetic gene fragments were designed by using the known amino acid sequence for BPTI (32) and consensus codon usage data compiled from the sequences of 26 mammalian genes (33) . Initially, a synthetic gene sequence (including a termination codon) was written by using, for each amino acid, the most likely codon from the mammalian consensus data. This sequence was then compared with its complement by using the computer program DIAGON (34) to detect any highly self-complementary regions that might interfere with the construction of the probe. Each such region greater than four nucleotides in length and within 50 nucleotides of its complement was removed from the sequence by substituting, where appropriate, the next most likely codon. Only a few substitutions were required to reduce the probe self-complementarity to within the stated limits. Probe Construction. Ten DNA oligonucleotides (P1 through P10), corresponding to overlapping portions of both the synthetic BPTI gene sequence and its complement, were made by the solid-phase phosphotriester method. These oligonucleotides were annealed and ligated to form a longer double-stranded DNA fragment and then were converted to the fully duplex form by "filling-in" the ends. An 86-base-pair (bp) synthetic BPTI gene fragment was made in this manner and cloned in both orientations by using the vector M13mp8 (Fig. 1A) . A singlestranded probe was prepared by primed DNA synthesis across the insert in the M13 recombinant, followed by EcoRI digestion of the partially duplex DNA and isolation of the probe fragment by polyacrylamide gel electrophoresis under denaturing conditions (Fig. 1B) . Shorter probes, made from fewer oligonucleotides, also were constructed in a similar manner.
Genomic Southern Blots. High molecular weight DNA prepared from bovine kidney nuclei was digested with various restriction enzymes, and then the resulting fragments were separated by agarose gel electrophoresis and probed by Southern blot hybridization (Fig. 2) . The hybridization and washing temperatures were adjusted until several specific bands were clearly purified X6 single-stranded probe
FIG. 1. Construction of the synthetic probes. (A) Two mixtures of oligonucleotides, P1-P6 and P7-P10
, were separately annealed and ligated, and the resultant products were purified by polyacrylamide gel electrophoresis (PAGE) under denaturing conditions. These products, P1-P6 and P7-P10, were mixed, annealed, and ligated again. The result of this ligation, P1-P10, was purified by gel electrophoresis, "filled-in" by treatment with AMV reverse transcriptase to produce an 86-bp fragment, and cloned into the Sma I site of M13mp8. M13 recombinants with the P1-P10 sequence in each orientation, X2 and X6, were obtained. A 66-bp synthetic gene fragment composed of oligonucleotides P1-P8 also was assembled and cloned using the same procedures. (B) A standard DNA sequence assay primer (14) was annealed to single-stranded DNA from the M13 recombinant, and a DNA synthesis reaction was carried out in the presence of 32P-labeled deoxynucleoside triphosphates. The semiduplex product of this reaction was cut at the unique EcoRI site distal to the insert (18) , and the probe was isolated by polyacrylamide gel electrophoresis under denaturing conditions. SCP buffer (lx), 30 mM sodium phosphate, pH 6.2/100 mM NaCl/1 mM EDTA (22) (Fig. 2) .
Probing a Bovine Genomic Library. A bovine genomic library containing approximately 2 X 106 independent recombinants was prepared by using the vector A1059 (24) . Approximately 106 recombinant plaques were screened by hybridization with the 86-mer probe, and five positively hybridizing clones were detected. During the plaque hybridizations, which were carried out under the same conditions as used for the Southern blot hybridizations, the level of nonspecific binding of the probe to the filter was extremely low (Fig. 3) .
DNA Sequence Analysis. Four of the five positively hybridizing clones were plaque-purified and analyzed further. Preliminary restriction mapping data (not shown) indicated that two of the clones represented partially overlapping segments of one region of the genome, and the other two represented partially overlapping segments of a second region. The restriction digests contained 3.8-and 4.0-kbp EcoRI fragments and 3.5-and 7.3-kbp BamHI fragments that hybridized to the probe; these correspond to the sizes of the EcoRI and BamHI fragments that were detected in the genomic Southern blot hybridization with the same probe (Fig. 2) . However, for each clone and for any given digest, there was only a single positively hybridizing fragment. The simplest interpretation of these data is that the haploid bovine genome contains only two genes that hybridize to the 86-mer probe under the conditions used and that these genes are separated in the genome by at least 11 kbp (the minimum insert size).
One of the clones (AX6-6B) was chosen for sequence analysis. Total DNA from the phage A recombinant was randomly fragmented and "shotgun" cloned into the Sma I site of the vector M13mp8 (18, 27) . Approximately 900 independent M13 subclones were probed with the positive strands of the 86-mer M13 recombinants X2 and X6 (30, 31) . Six positively hybridizing subclones were isolated and their sequences determined by the dideoxynucleotide chain termination method. A contiguous 677 nucleotides of bovine DNA sequence were obtained from the overlapping subelone sequences; contained within this was an open reading frame, the translation of which perfectly matched the amino acid sequence of BPTI (Fig. 4) . However, the BPTI coding region was neither preceded by a start codon nor followed by a termination codon but rather was embedded in a longer open reading frame.
Probe Homology. Fig. 5 shows an alignment of the 86-mer and 66-mer probes with the BPTI coding region. In each case the homology between the probe and the actual genomic sequence was 74%. Three arginine AGA codons were found in G the region of the genomic sequence overlapped by the probe, whereas the probe codons used to specify arginine were all CG T . This indicates that occasional grossly incorrect codon choices do not affect seriously the specificity of the probe.
DISCUSSION
In this paper we describe the isolation of a gene for bovine pancreatic trypsin inhibitor with a unique-sequence synthetic DNA   FIG. 3 . Plaque hybridizations. Duplicate filters (A andB) were lifted from a 90-mm Petri dish (containing 20,000 confluent plaques from the bovine genomic library), hybridized with the synthetic 86-mer probe under the same conditions used for the Southern blots shown in Fig. 2 , and autoradiographed. Arrows indicate signals from two positively hybridizing clones. Note that the circular outline of the filter, due to nonspecific background hybridization, is virtually invisible.
probe. The translated DNA sequence of the BPTI genomic clone contains a region that exactly matches the amino acid sequence of BPTI (Fig. 4) , but definitive proof that this is an active gene will require the isolation of a BPTI cDNA clone. The BPTI gene is located on a 4.0-kbp EcoRI fragment and a 3.5-kbp BamHI fragment, and we have also cloned a positively hybridizing gene located on a 3.8-kbp EcoRI fragment and a 7.3-kbp BamHI fragment. Together, these two cloned genes can account for all of the bands detected by the 86-mer probe on the genomic Southern blot (Fig. 2) . DNA sequence analysis of the second gene (unpublished data) indicates that it codes for a protein similar but not identical to bovine serum trypsin inhibitor (36) .
The DNA sequence upstream of the BPTI coding region contains two in-frame termination codons but no in-frame initiation codons (Fig. 4) . In between the two termination codons and the start of the BPTI coding region, there are two long pyrimidine stretches, each of which is followed by the dinucleotide A-G; both of these closely match a consensus intron/exon boundary sequence (35) . Downstream, an in-frame termination codon exists 52 nucleotides from the end of the BPTI coding region. This stretch is very purine-rich and also contains a possible exon/intron junction (Fig. 4) (Fig. 4) are shown aligned. Homology is indicated by asterisks. The 86-mer probe and the 66-merprobe are homologousto nucleotides 260-345 and 280-345 (Fig.   4) , respectively. the BPTI coding region exists as part of an exon in the gene for a larger polypeptide and that BPTI is released through proteolytic processing at both its NH2 and COOH termini from this primary translation product. The nature of such a precursor is unknown, however.
The synthetic gene fragment probing procedure given here is a general one that can be used to isolate the gene for any protein, as long as sufficient amino acid sequence information is available and it is possible to prepare a genomic DNA library from the organism making that protein. This cloning approach should prove especially useful in those cases where the site of synthesis of a particular protein is unknown or when it is difficult to isolate mRNA from the relevant tissue. The minimum probe length that will work at the expected 70-80% homology level has not been established and must vary somewhat depending on the amino acid sequence, codon choice, and whether or not an intron interrupts the coding region being sought. Nevertheless, 20-25 residues of reliable, contiguous amino acid sequence for a given protein should render its gene a candidate for cloning by this method. In general, the proper hybridization/washing conditions can be found and the effectiveness of a given probe tested by performing a simple genomic Southern blot hybridization (Fig. 2) .
At present, the only reliable way to determine splice junctions is to compare the cDNA sequence for a gene with its corresponding genomic sequence. Hence, in order to fully characterize the information content of a gene, it is necessary to isolate both cDNA and genomic clones. The unique-sequence synthetic DNA probes discussed here and elsewhere (13) should be capable of isolating cDNA clones of even extremely lowabundance mRNAs from any cDNA library, as long as it is large enough to contain at least one copy of the desired clone. Alternatively, a genomic clone for the gene of interest could be isolated, and subcloned into a retroviral or simian virus 40 expression vector; subsequent transfection of an appropriate host cell should then produce correctly spliced transcripts of the cloned gene (37) (38) (39) , from which cDNA could be prepared.
